) and X-ray photoionization spectra (2p, 3d) of mass-selected Cu N -clusters supported by a thin natural silica layer are presented in the size range N = 8-55 atoms per cluster. The Auger spectra of all clusters are shifted to a lower kinetic energy with respect to the spectrum of the bulk.
Introduction
Core-level photoelectron spectroscopy is a surface sensitive and element specific tool which can be applied to study highly diluted samples such as free and deposited clusters by X-ray photoelectron spectroscopy (XPS), [1] [2] [3] [4] [5] [6] [7] [8] [9] X-ray absorption spectroscopy (XAS) [10] [11] [12] , extended X-ray absorption fine structure analysis (EXAFS), 13 grazing-incidence small-angle X-ray scattering (GISAXS), 14 X-ray magnetic circular dichroism (XMCD) [15] [16] [17] and Auger electron spectroscopy (AES). 18 In particular AES and XPS provide information on the initial and final states such as chemical effects, charge transfer, core-hole screening, core-hole binding energies, and electron correlation including final-state term splitting and on-site electron-electron interaction. Regarding electron correlation Auger spectra have been used to obtain valuable information on the effective Coulomb interaction of two 3d holes in transition metals and their compounds such as oxides and cuprates. 19, 20 Information on the localized versus itinerant behaviour of the 3d electrons can thus be gained. 19 Moreover by comparing the effective Coulomb interaction with the one-electron valence band width information on the Mott-Hubbard behaviour of d-band metals is obtained. 19 In general, the Coulomb interaction in bulk metals is substantially reduced with respect to the atomic value due to extra-atomic contributions such as polarization and screening. In copper, for instance, the free-atom value of the on-site two-hole Coulomb correlation amounts to 27 eV while the corresponding value of the bulk is merely 7-8 eV. 19, 21 In the present paper we study the evolution of the d-hole Coulomb interaction energy of Cu as a function of cluster size. Questions of interest are the size scale on which the Coulomb interaction approaches the bulk limit and whether the change proceeds smoothly or discontinuously as a function of size. Note that copper is considered as a textbook example for studying d-band Coulomb correlation by LMM Auger spectroscopy due to its d 8 final state configuration, well separated initial core-hole states L 2 and L 3 and well understood LMM Auger spectrum. 19, 22 The clusters are supported by a thin Si-oxide layer which only moderately interacts with the cluster and is frequently used as a model support in studies of the catalytic behaviour of clusters.
Experimental
Small Cu N -clusters were synthesized using a home-built magnetron sputtering source and mass-filtered by a magnetic sector field analyser 23 at a mass resolution of m/Dm B 100. A typical mass spectrum is shown in Fig. 1 . In brief, a mass-filtered cluster beam is softly landed onto a biased p-doped SiO 2 /Si(100)-substrate (o1 eV per atom) through a 6 mm final aperture under UHV conditions (o1 Â 10 À9 mbar). Typical mass-filtered cluster ion currents range from 10-100 pA depending on the cluster size. Deposition times of 10-30 minutes were used to obtain a total coverage density of B10 13 atoms per cm 2 (ca. 1% atomic surface coverage). The deposition area has been monitored using a position sensitive MCP/CCD device. Using a battery-driven mobile UHV chamber the cluster-covered samples were transferred and lock loaded into the photoemission endstation of the PM4 dipole beamline at BESSY (o10 10 , 55) using a photon energy hn = 980 eV for recording L 3 MM Auger spectra, hn = 1150 eV for recording 2p XPS spectra and hn = 200 eV for recording valence band spectra. A commercial electron spectrometer (Scienta SES 100) has been used for measuring the kinetic energy of Auger and photoelectrons. Each cluster spectrum has been recorded within 1-2 h. The cluster spectra are compared to the Auger and XPS spectra of a sputtered copper single crystal. All cluster spectra have been recorded with the same experimental resolution as the bulk spectrum. The measured kinetic energy of each cluster sample has been calibrated with respect to the Si 2p peak of the substrate which is in proper electrical contact with the spectrometer.
Results and discussion F) of the bulk spectrum are labelled according to the notation of Antonides et al. 19 The excitation energy of 980 eV is well above the L 3 core ionization threshold where no photon energy dependence of the Auger transitions is observed. Therefore fully opened monochromator slits were used for maximum photon flux (10 10 -10 11 s À1 ) to record the so-called ''sudden-limit'' Auger spectrum. The experimental resolution of the electron analyser was set to 1.6 eV as a compromise of high transmission and sufficient resolution. While the overall spectral shape of the cluster Auger spectra is similar to the bulk spectrum the former are considerably shifted to lower kinetic energies as seen in Fig. 2 . The peak maximum ( 1 G multiplet) of the bulk is located at 918.4 eV while the maximum of the cluster Auger spectra is clearly reduced ranging between 915 and 917 eV (Fig 2) . Note that the kinetic energy gradually decreases with decreasing cluster size as obvious from Fig. 2b which shows the energy of the main Auger transition ( 1 G) as a function of size. While the Auger shift (energy difference between bulk and cluster) of small clusters amounts to more than 3 eV the largest measured cluster Cu 55 still has an Auger shift of 1.5 eV. Also the shape and envelope of the Auger spectra vary with size. The main line narrows with increasing cluster size. Moreover, the intensity at kinetic energies lower than the main peak is considerably enhanced in the spectra of small clusters (N r 13). This additional Auger intensity is attributed to oxidation-like initial state modifications of small clusters due to their interaction with the silica support. In fact the Auger kinetic energy shifts to lower values upon oxidation as shown for the bulk phase of Cu and as shown here by the spectrum of atmospherically oxidised Cu 55 in the top panel of Fig. 2A . The shift to lower kinetic energies can be explained by partial depletion of the 3d band due to an initial-state charge transfer from copper to oxygen as discussed for oxidised copper bulk samples. 20, 24 Note that mainly each atom of a small cluster is in contact with the supporting oxide layer while for large compact clusters the contact area between the support and the cluster is reduced. Therefore the cluster-surface interaction, i.e. charge transfer due to copper-oxygen interaction, is more emphasized in the spectra of small clusters than larger ones. Also the XPS binding energy exhibits the largest shift for these clusters (see Fig. 3B ).
The Auger kinetic energy is generally given as a difference between the initial core-hole state and the doubly-ionized final state. In particular, the energy of the L 3 
Thus by combining the binding energy of the core and valence levels with the Auger kinetic energy the above relation allows determining the Cu 3d two-hole correlation energy U dd . In the case of a photoionized cluster a possible final-state Coulombcharging has to be considered due to a delayed neutralisation of the photohole as originally discussed by G. Wertheim. 25 The electrostatic interaction between the emitted electron and the remaining hole E Coul will affect the energy of the Auger electron and photoelectron in addition to the ordinary initial and final state effects. In case of clusters, this extra energy term has to be considered in eqn (1) used to evaluate U dd from the measured binding and kinetic energy of the photoelectron and Auger electron, respectively. According to a final state consideration (Fig. 5 ) the measured energy difference U meas dd between the XPS binding energy, Auger energy and two times the valence band maximum of a photoionized cluster differs by two times the Coulomb energy with respect to the bulk metal:
Eqn (2) is derived from the fact that the electrostatic energy of a singly charged sphere with radius R and charge q is proportional to q 2 /R (1E Coul ). 25, 26 Consequently, the energy of a doubly charged sphere is proportional to (2q) 2 /R which corresponds to 4 times the Coulomb energy of a singly charged sphere (4E Coul ) as pointed out by ref. 25 . For supported clusters the Coulomb energy might be reduced due to extra-atomic screening by the substrate. Note that the amount of substrate screening depends on the conductivity of the substrate and the interaction-strength between the cluster and the substrate. The single-hole binding energies have been derived from the inner-shell and valence-band photoelectron spectrum, respectively. The 2p XPS spectra of the clusters are shown in Fig. 3 which have been measured at hn = 1150 eV and a total experimental resolution of 1 eV, i.e. larger than the core-hole lifetime broadening of the Cu 2p 3/2 shell (G = 0.6 eV (ref. 27)). As seen in Fig. 3A the XPS peaks of the clusters are shifted to a higher binding energy with respect to the bulk peaks and are considerably broadened. The XPS shift ranges between 0.3 (Cu 55 ) and 0.9 eV (Cu 8 ) for both spin-orbit components. The reason for the systematic high energy XPS shift and broadening is mainly attributed to inhomogeneous broadening of inequivalent cluster atoms as well as final state effects such as reduced core-hole screening and Coulomb interaction between the photoelectron and the ionized cluster. 28, 29 Moreover extra atomic charge neutralisation by the substrate according to the dynamic liquid drop model 30 which partially compensates the final state Coulomb shift must be considered for a quantitative interpretation as recently discussed for the 4f XPS peak of small Au clusters on silica. 9 A thorough analysis of the XPS peak shape and analysis of the shift, however, are not the main purpose of this paper and will be done once XPS spectra with a resolution better than the core-hole lifetime are available. Here we are mostly interested in the absolute energy of the 2p 3/2 peak which is straightforwardly determined from the spectra and compiled in Fig. 3B . These values are used later on to evaluate U cl dd . Note that the XPS shift is much smaller than the corresponding Auger shift due to the fact that the binding energy shift of the valence shell as well as the two-hole Coulomb interaction additionally contributes to the Auger shift. 25 Except for the continuous energy shift the XPS spectra reveal no distinct differences such as high energy asymmetry or discontinuous energy shift when changing from smaller to larger clusters (N > 13) in contrast to the Auger spectra for which a distinct change in the spectral shape is observed for small clusters ( Fig. 2A) . This spectral change is here tentatively attributed to oxidation-like interaction between the cluster and the silica support which shifts the Auger kinetic energy to lower energies. The XPS spectra of the cluster indicate that the interaction between the cluster and the silica layer leads to Cu 1+ rather than fully oxidised Cu 2+ ions. We conclude this from the comparison with the XPS spectrum of the Cu 2 O bulk phase which reveals almost no energy shift (B0.1 eV) with respect to the metal bulk phase of pristine Cu. CuO, in contrast, shows a strong XPS shift (B1 eV) with respect to the metal bulk phase. 20, 24 Moreover very strong shake-up satellite peaks behind the 2p 3/2 and 2p 1/2 main lines are observed for fully oxidised copper atoms in CuO. 20, 24 Such oxide-induced satellite peaks are not observed in the XPS spectra of the supported cluster which gives further evidence that the cluster-substrate interaction does not lead to oxidic clusters. The contact with the oxide layer rather induces a partial charge transfer resulting in Cu 1+ ions of d 10 configuration, in particular for those atoms which are in contact with the support. As discussed in ref. 20 and 21 the energy of twice the valence band maximum (2 E bin (3d)) is most reliably taken from the selfconvoluted single-hole valence band intensity distribution. Such a self-convoluted single-hole valence band spectrum corresponds to the correlation-free two-hole binding energy spectral distribution of the valence band. The peak maximum of the self-convoluted spectrum is taken as the hypothetical mean energy to remove two electrons independently from the valence band. The corresponding valence band spectrum and the numerically self-convoluted valence band spectrum are shown in Fig. 4 . The X-ray induced valence band spectra have been recorded with hn = 200 eV and a total experimental resolution of 0.8 eV. The valence band spectra of the lowdensity cluster samples are superimposed by the signal of the Si/SiO 2 valence band. Therefore the valence band of the clean support (measured for each sample at a position without the cluster signal) has been subtracted from the superimposed valence band spectrum. The binding energy refers to the Fermi energy of the Cu-bulk. Note that the intensity above a binding energy of 5 eV is dominated by the valence band of Si. Below 5 eV the Cu valence band is clearly enhanced with respect to the leading edge of the Si-valence band. Upon subtraction of the Si valence band from the superimposed valence band spectra the remaining intensity can be interpreted as the main part of the 3d valence spectrum of the clusters. The spectral shape is similar to the 3d band of Cu-bulk and is shifted to higher binding energy. It gradually shifts with the size of the clusters, similar to the X-ray induced valence band spectra of free metal clusters. 31 The very smooth spectrum of Cu 50 suggests a somewhat higher coverage density for this particular sample. This is also the reason for the enhanced intensity below 5 eV in the non-subtracted spectrum (left panel). Nevertheless the spectral shape and shift of Cu 50 fit in the series of cluster spectra and suggest that the coverage density of Cu 50 is low enough to maintain the individual property of the cluster. The relevant final state energies for Cu-clusters and the bulk metal are schematically sketched in Fig. 5 on a total energy scale. The absorption of the photon increases the total energy by hn, whereby only the core hole energy remains in the system. Upon Auger decay the final state energy is reduced by leaving two 3d valence holes in the system. This is compared to twice the 3d photoionization energy of the valence band to obtain an estimate of the two-hole correlation energy U dd .
Upon self-convolution of the singe-hole spectral density of the 3d spectrum the d-d two-hole binding energy is obtained. The self-convoluted spectra are shown in the right panel of Fig. 4 . Note that the smoothing of the spectra results from the self-convolution itself. The maximum of the self-convoluted spectra is shifted by 0.4-1.5 eV to higher energy as compared to the bulk. Subtracting the peak energy of the two-hole spectral density and the main Auger energy from the XPS energy the sum of the two-hole Coulomb interaction energy U cl dd and 2E Coul is derived according to eqn (2) . This value is plotted versus cluster size in Fig. 6 . The upper curve shows the full Coulomb interaction energy if no final-state Coulomb charging of the photoionized clusters occurs (E Coul = 0 eV), i.e. when the photoionized cluster is instantly neutralized by the substrate. In this case the Coulomb interaction U cl dd of two 3d holes is 1-2.5 eV larger than the bulk value. The lower limit of U cl dd has been calculated for a maximum final state Coulomb shift of the supported cluster. We approximate this value by the total XPS shift, DXPS, i.e. assuming that the measured binding energy shift between the cluster and the bulk is totally governed by final state Coulomb interaction between the core hole and the photoelectron (E Coul = DXPS). For that case U cl dd is still somewhat enhanced with respect to the metal (B0.5 eV). In fact we assume that the Coulomb interaction energy of the deposited clusters resides somewhere in between the upper and lower curves. We note that the two limiting values of U cl dd converge with increasing size. This shows that the final state Coulomb interaction becomes less important for larger, metallic-like particles where the extra charge is instantly screened on a timescale relevant for photoemission as in the bulk metal.
Finally, Fig. 6 exhibits that the Coulomb interaction of small supported clusters is strongly reduced with respect to the atomic value (27 eV 19 ), possibly due to extraatomic screening and/or polarisation by the coordinated Cu-atoms. Moreover hybridisation among the d-orbitals of the coordinated Cu-atoms in a cluster leads to delocalization of the charges and attenuation of the Coulomb interaction as compared to a free atom. The enhancement of U cl dd with respect to the bulk phase, on the other hand, indicates that the d-orbitals of small Cu N -clusters are more localised than in the bulk. This also explains the attenuated electrostatic screening properties of deposited Cu N -clusters as previously shown by us using PCI-Auger spectroscopy. 18 
Summary
Core photoelectron spectra (Auger L 3 M 4,5 M 4,5 , and XPS 2p, 3d) of small mass-selected Cu N -clusters (N = 8-55 atoms) on a thin oxide film of a Si-wafer have been measured and compared to the metallic bulk phase using a dipole synchrotron beamline at BESSY. The kinetic energy as well as the XPS binding energy varies with size. While the Auger energy difference between the metallic bulk phase and the cluster amounts to 1.5-3 eV the XPS shift of the 2p 3/2 main peak varies between 0.3 and 0.9 eV (N = 8-55). Additionally the 3d valence band has been derived from the difference spectrum between the pristine SiO 2 /Si substrate and the cluster sample. Using the energy of the Auger main line, the corresponding core hole peak and the centroid of the self-convoluted 3d valence band the Coulomb interaction energy U dd of two d-holes as a function of cluster size has been deduced which amounts to 8.5-10.5 eV depending on the Coulomb charge of the deposited clusters. Even for the smallest clusters measured, which only contain 8 atoms, this Coulomb interaction is fairly reduced and only amounts to about 1/3 of the atomic value while the Coulomb interaction is enhanced with respect to the bulk by about 1 eV.
